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ON A FLEXIBLE SWEPT-WING JET BOMBER

By Willlem S, Alken, Jr.

SUMMARY

Horizontal-tall loads measured by means of strein gages in pitching
maneuvers are analyzed to determine wing-fuselage serodynamic-center posi-
tion, zero-lift pitching-moment coefficient, alrplene pitching moment of
inertia, and radius of gyration. A similer analysis is made of the time-
history data for the elevator angles and the results were found to agree
with those from the tail-load analysis. The flight-determined values of
aerodynemic-center position for rigld conditions and the zero-lift
pitching-moment coefficients were in some disagreement with the wind-
tunnel data over the Mach number range of the tests (0.42 to 0.81). The
pitching moment of inertias determined from the flight data for rigid-wing
conditions agreed with calculations based on ground tests. The effective
pitching moment of inertia computed from theoretical conslderation for
flexible flight conditions was in disagreement with flight data. Details
of the analysis procedures and least-squares methods used are given.

INTRODUCTION

The calculetion of alrplane design tall loads and stability charac-
teristics requires reliable estimstes of the wlng-fuselage pltching-moment
characteristics. The use of highly swept flexible wlngs combined with
other flexible airplane components introduces additional factors which
must be considered in tail-load design analysls procedures. Investiga-
tions by the Nationsl Advisory Committee for Aeronautics of a large
flexible swept-wing jJet bomber which included measurements of horilzontal-
tall loads permitted the analysis of date from which comparisons could
be msde between wind-tunnel measurements of wing-fuselage aerodynamic-
center positions and zero-1lift pitching-moment coefficients and values
of these parameters as derived from flight data.

The anslysis of flight desta in the present report is, to a large
extent, based on analyses and information contained in references 1
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and 2 for wing deflectlons, reference 3 for horizontal-tail parameters,
reference 4 for airplane lift-curve slopes and angles of zerc lift, and
reference 5 for wing centers of pressure. The methods used to analyze
the flight deta and to convert measured pitching-moment psrameters to
equivelent rigld conditions for comparison with wind-tunnel data are
described in detail. Comparisons are given between flight and wind-
tunnel results for aerodynamic-center position and zero-1lift pltching-
moment coefficlents and between flight and calculated values of moments
of lnertis and radili of gyration for both flexlible and rigld condltions.
Although no direct comparisons are made with present tell-load design
computation methods, the theoretical methods which were used in the
flight-data anslysis contain the essential elements of design procedures
for flexible aircreft and, thus, provide an indirect check on thelr
adequacy.

SYMBOLS
A,B,C,D coefficients of equations (A7) and (Bl) used to obtain air-
plane pltching-moment paremeters
Acorr the A coefficient of equation (Bl) corrected for zero
shift
Clut horizontal-tail lift-curve slope per degree
(Clu¢)f horizontal-tail lift-curve slope per degree for f£lexible

fuselage conditions defined by the expression

clmt

1l - ——LE C]'_%q.s'b
CL6 horizontal-tall lift-curve slope per degree with root eleva-
tor angle -
Cm6 tail piltching-moment coefficient due to elevator deflection
Cmo zero-1ift wing-fuselage pilitching-moment ccefficient
chM zero-11ift wing-fuselsge pitching-moment coefflcient com-
puted directly from measured zero-=llft tail load
QMOI corrected zero-lift wing-fuselage pliching-moment coeffi-

cient using analysis method I
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CEOII zero-1ift wing-fuselage pltching-moment coefficlent using
analysis method II

CNAC alrplane normal-force coefficient corrected for pitching-
acceleration tall load

Ly airplane pltching moment of inertis, slug-ft2

ny effective airplane pitching moment of inertias defined by
equation (Al0), slug-ft2

Ly aerodynamic tail load, 1b

LtT aerodynamic tail load plus component of tall aerodynamic
pitching moment defined by equation (A6), 1b

L, aerodynamic wing load, 1b

ng aerodynamic wing load per unit pltching acceleration,

1b

redien/sec?

Ly aeigdynamic wing load due to pitching velocity (eq. (a3)),

Ly ae;gdynamic wing load due to pitching acceleration (eq. (A2)),

M Mach number

Mge pitching moment about wing-fuselage aerodynemic center

N number of equations in least-squares solutions

5 wing area, sq ft

5S¢ horizontel-tall area, sq ft

Ty tail serodynamic torque, in-1b

v true airspeed

W alrplane weight, 1b

Wy horizontal-tall weight, 1b
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location of eirplane center of gravity, percent ¢

location of rigid-wing-—fuselage additionsl-load aerodynamic
center, percent ¢ :

location of flexible-wing-fuselage addltional-load aerody-
nemic center, percent € _

location of center of pressure of aerodynemic wing load due
to piltching acceleration, percent ¢

zero shift in measured aerodynamic tail loads (from ref. 3),
1b

zero shift 1n measured aerodynamic tall torque, in-lb

faired tail-on airplane lift-curve slope per degree (from
ref. 4)

wing mean eerodynsmic chord, in.

tell mean serodynemie chord, in.

distance from wing-fuselage aerodynamic center to alrplane
center of gravity, positive with center of gravity forward
of the aerodynamic center, in.

center of pressure of wing load due to pitching acceleration,
in.

center of pressure of wing load due to pitchlng velocity, in.

acceleration of gravity, ft/sec?

taill incidence, deg

wing incldence, deg
alrplane radius of gyration in pitech, £¥

effective airplane radius of gyration in plteh, £t

horlzontal-tail length, distance from airplene center of
gravity to quarter-chord of horizontel-tail mean serody-
namie chord, in.
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R

€

D

[

rigld-wing—fuselage lift-curve slope per degree

normel lced factor at airplene center of gravity

normal loed factor at horizontal tall

dynamic pressure, lb/sq ft
welghting factors

distance from wing-fuselage aerodynamic center to quarter-
chord of horizontal-teil mean aserodynamic chord, in.

difference between rigid- and flexible-wing—rfuselage
serodynsmic-center positions, defined by equation (6),
percent ¢

difference between theoretical &and measured ky 2 values,
£62 T

tall angle of attack, deg
wing angle of attack, deg

wing angle of zero 1lift (from ref. 4), deg

root elevator angle, positive down, deg

root elevator angle at zero load factor, deg

errors in fit or measurements; subscripts to € denote
error associated with quantity indicated

error 1in celculated kyfa

error in measured kyfg

pitching velocity, radian/sec

measured pitching acceleration corrected for 1instrument
response characteristics, radian/sec?

indicates summstion
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de fda effective downwash factor

Matrix notatlion:
{ } column metrix

llll rectanguler matrix
T
lt‘l transpose of rectanguler metrix

-1
[ ] inverse of square matrix

Bars over symbols indicate average values.
APPARATUS AND TESTS

Airplane

The airplane used for this investigetion was a six-engine, jet-
propelled medium bomber. A photograph of the test airplane is shown as
figure 1, and the airplane and horizontal-tall characteristics and dimen-
sions are given in table I.

Instrumentation

The date used for analysis in the present paper were obtained from
gtandard NACA recording instruments end from strain gages mounted on the
right and left sides of the horizontal tail.

Normal sccelerations were measured by two alr-demped accelerometers,
one near the center of gravity and one at the Horizontal tail. Angular
accelerations in pitch were measured by a rate-gyro type, electrically
differentiating, magnetically demped turnmeter. Airspeed and altitude
measurements were made with an NACA pitot-static head mounted on & boom
approximately 1 maximum fuselage diameter shead of the original nose.

Electricel wlre-resistance strain geges (Type A-6) with low tempera-
ture correction factors were used to messure the root shears, bending
moments, and torques at stetions on the right and left sides of the taill.
The gages were lnstalled as four-actlve-arm bridges on the web and flanges
of the main spars (50 percent chord) and on the upper and lower skin sur-
faces near the leading edges of the horizontal tail.

«
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The strain-gage bridge installation was callbrated according to the
method detailed in reference 6. The bridges were then combined electrically
so that, except for secondary carryover effects, a combined shear, moment,
or torque bridge responded primarily to the shear, moment, or torque for
the side of the tail on which the load was being measured. Final cali-
bration equaetions using combined bridge outputs lncluded carryover-effect
corrections.

The combined strain-gage outputs were recorded on an 18~channel
oscillograph with individual galvanometer responses flat to 60 cps. All
data were evaluated by using nondimensional deflections as

_ Flight deflectlon ~ Ground zero deflection
Calibrate signal deflection

P

The sensitivity of each comblned bridge was generally recorded prior to
entering a maneuver through the use of a calibrate signal., With this
system of data reduction, changes in battery voltage had no effect on the
measurement of loads. In addition, gelvenometer zeros with strain-gage
power off were recorded to compensate for any mechanicel shifts in the
galvanometer zero position due to temperature effects in the recorder
and any thermal electromotive-force effects in the strain-gage circuits.

Aerodynemic tail loads on the horizontal tail were obtained from
the structural loade (measured by the strain-gage bridges) and the known
tall welght and normal load factor from the equation

Ltaero = Lbgtruct ~ ™9t

The aerodynamic bending moments and torques were obtained in a similar
menner.

The recorded data for all instruments were synchronized at O.l-second
intervals by means of & common timing circuit. All instruments were damped
to about 0.67 of critical damping. A summary of pertinent quantities meas-
ured, lnstrument locations, and accuracles are given in the following
table:
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Instru-
Quantity Location Instrument| pent
range accuracy
Normal scceleration,
gunits « . .« ¢ . . 34,2 percent & 0 to 2 0.005

Normal acceleration,
gunits . . . « « « |147.8 percent horizontal~ -2 to 6 0.02
tall root chord

Pitching acceleration,
radisns/sec? . . . 25 percent @& +0.50 0.01

Dynamic pressure,
o/sq £ « o v« & 140 in. sheed of| O to 800 1
original nose

Static pressure,
/8q £ ¢ o o & & 132 in. shead of |0 to 2,200 2
original nose

Teil shear, per

side, 1b . . . . . Root of taill 125,000 60
Tail torque, per
side, in-1b . . . . Root of tail}t2,000,000 4,000
Tests

All teste were mede with the airplane in the clean condition. The
flight date evalusted in thils report were taken from 68 push-down—~—pull-~
up meneuvers (the same meneuvers used in refs. 3 snd 4) made at alti-
tudes of 20,000, 25,000, 30,000, and 35,000 feet and an overall Mach num-
ber range from 0.427 to 0.812., The tests were made at normal and forward
center-of -gravity positions and ailrplane weights ranging from 104,000
to 127,000 pounds. Teble IT is a summery of the flight conditions for
these runs. In the table are listed the flight and run numbers, average
Mach number, average dynamic pressure, test altltude, weight, and center-
of-gravity position. The range of Mach number and dynamic-pressure changes
during any test are also indicated. It might be noted that the center-of-
gravity listings in teble II differ slightly from those given Pfor the same
maneuvers 1ln references 3 and 4., The alrplane centers of gravity have been
corrected for the effect of airplane attlitude on the fuel-tank centers of
gravity for the three large unbaffled fuselage tanks.
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METHODS AND RESULTS

The ailrplane pltching-moment perameters, that is, wing-fuselage
serodynamic-center position and zero-lift pitching-moment coefficlent,
and the airplane effective moment of inertia mey be evaluated from flight
measurements of the airplane motions and the horizontal-tail load. In
appendix A, use is made of the airplane pitching-moment equation to set
up two methods of atialysis amensble to least-squares treatment. The
methods are:

Method I. A procedure in which direct tail-load measurements are
used.

Method II. A procedure in which elevator-angle measurements are
used.

Pitching-moment paremeters obtained by the use of either method include
quasi-static wing-flexibility effects but the equations do not allow for
dynamic wing, tall, or fuselage frequency-response effects since the bulk
of the data presented was obtained without excitation of the major alr-
plane components.

The following sections present the determination of the pitching-
moment paremeters from flight time-hlstory data and camparisons with
evailgble wind-tunnel and mass-distribution data. The method used for
extrapolating or correcting the measured serodynamlc-center positions
to rigid-wing conditions is given in detail. The theoretical relation-
ship existing between the measured or effective moment of inertia and the
actual or rigid-airplane moment of inertia ls also described.

Basic Data

The least-squares deta-reduction procedures as used for methods I
and II are given in appendix B. These procedures are used for the evalua-
tion of the required tail-load and elevator-angle coefficients for each of
the 68 maneuvers studied. These tail-load and elevator-angle coefficients
in turn are used for the evaluation of the airplane pitching-moment param-
eters. Both methods are illustrated by use of the time-history data for

n, 8, Glt/V, Ly, end & shown in figures 2, 3, and 4 for an example

maneuver (flight 12, run 27). The calculasted tali-load and elevator-
angle time histories from equations (Bl) and (B6) are illustrated in fig-
ures 3 and 4, respectively.

It is demonstrated in asppendix B that for method I a simplified form
of equation (B2) which cmits the ézt/v term could be used for the
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determination of the zero-lift tail load, the tail load per g, and the
tail load per unilt pitching acceleration., The A, B, and C coeffi-
cients of equation (B2), along with their standard errors and errors of
fit, for each of the 68 maneuvers analyzed are given in table III.

The coeffilcients from the least-squares analysis of the elevsator-
angle data (method IT), along with thelr standard errors and errors of
fit, for each of the 68 maneuvers analyzed are given in table IV.

Aerodynemic-Center Positilon

The B coefficients of method I end the 35/0n coefficilents of
method IT, given in tables IIT end IV, respectively, as deduced from
flight time-history data now permit the determination of the wing-fuselage
aerodynamic-center location. This section 1llustrates the methods used to
extract the aerodynamic-center data and to extrapolste the data as meas-~
ured for flexible-wing conditions to rigid-wing conditions. In sppendix A,
equations (A8) and (A25) show the relationship between the aerodynamic-
center position 4 (the distance between alrplane center of gravity and
wing-fuselage aerodynemic-center location) and the measured coefficients.
A general equation expressing the aerodynamic-center position in terms of
its location on the wing mean aerodynamic chord is

(Xﬁc)flex = Xeg + % 100 (1)

and is used to correlate the data obtalned at various center-of-gravity
locations.

Aerodynamic~center position using method I.- Equation (A8) of appen-
dix A glves the aserodynamic-center location d eas

Bl
d=—2 : (2)
W-B

Inserting numerical values for the example maneuver of appendix B with
B = 392 (from eq. (B4)), 1y = =552 inches, and W = 110,300 pounds
in equation (2) gives

d = -1.97 inches
The aserodynamic center in terms of the mean aserodynsmic chord, using

equation (1) and the center-of-gravity position of 22.9 percent, thus
becomes :

n
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=1.97
= 22,9 + [—=Z1} = 21.6 percent
(Xac) flex (1.559>

The error in (Xac)flex may be determined by use of the standard error
in the B coefficilent as

_ €ply 100
e "W-3B ¢ (3)

Using the standard error of B from table IIT gives

L 398(-55)
Xae = ¥ (109,910) (1.559)

= #1.2 percent

The aerodynamic-center positions and the assoclated standard errors
for each of the 68 maneuvers esre given in table V.

Aerodynemic-center position using method 1I.- Equation (A25) of
appendix A gives the aerodynamlc-center location 4 as

» doy dig ly de ( de\ W B -
Zt(cm)f[aﬁ"ag*gv—ea;* g 'a;)@ * 3 Omstt

(&)

al 1
l-(c ).aéi%_+_£+g_t_g+ ]_-.d_e.)w
S, \log)elon ®  amg - y2 A da/ agas
For use in equation (4) values of the parameters (C ) s EEE, de,
Lat/£’ 3 ° &

and Cpgy were obtained from reference 3 and the airplané lift-curve

slope ap was obtalned from reference 4. The parameter %%% (tail-
incidence change due to fuselage bending under inertias loads) was cobtained
from equation (7) of reference 3. The remelning parameters required are
g, the acceleration of gravity, V, the true airspeed, and g, the dynamic
pressure. The quantity 35/dn is the coefficient of equetion (A19)
associsted with n and i1s glven in table IV.

For the example msneuver, substitution of numerical values into
equation (4) results in

d = -35.22 inches
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The aerodynamic center by method II for the example maneuver is from
equation (1):

-3.22
(Xéc)flex = 22.9 + (1?559> = 20.8 percent

The error in (Xgc)flex meY be computed from the standerd error of the
%% coefficient given in table IV as

dag - 100
[“’ Cro)e 38 "ms%] "%/on 5~

_E_ - {C §§ EEE + EEE + g EE 25 + (l - gf. Lij
aSg - Imt)f on 3% any, v2 da da/aFqS

Uslng the standard error of BS/Bn from table IV gives

(5)

eXaC =

o - [(—552)(0.0559)(0.@0) + (-0.0086)'1'03] (£0.258)
fac 1.559(2.562)

= +0.9 percent

The aerodynemlc-center positions and thelr assoclated standard errors
for all 68 maneuvers are given in table V where they may be compared with
the velues determined by using method I. i

Extrapolation to rigid-wing conditions.~ The aerodynemic-center-
position data in table V are for flexlble-wlng condltions. If the effects
of wing flexibility are known, the flight measurements may be extrapolated
to rigid-wing conditions and the variastion of aerodynamic-center position
with Mech number established. Data are available in reference 5 which
may be used for this extrapolation. The forward shift of the wing
aerodynamic-~center position as a functlon of the flexibility parameter qmg

is shown in figure 5, as determined from the theoretical curve (for an
average value of W = 110,000 pounds) of figure 4(c) in reference 5 by con-
version of the root center-of-pressure variatlion with amg to percent mean

aerodynamic chord. Since the wilng additional-load center-of-pressure
date in figure h(c) of reference 5 were determined from wing-root aero-

dynamic torques and the alrplane center-line shear (% nW - % Lt), the

rigid-wing-—-fuselage serodynamic-center position may be determined from
the equation
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(Xae)r = (Xac)1ex + Mae (6)

When equation (6) 1s used it is assumed that the wing-fuselage aerodynamic-
center position differs from the wing aserodynamic-center position only

by a constent for any glven Mach number and that changes in dynamic pres-
sure do not affect the fuselage contribution to the total wing-fuselage
aerodynamic-center position.

The values of aqmp for use in the determination of AX, ., from fig-

ure 5 are listed in table V and were obtalned from the dynamic pressures
given in table IT and the rigid-wing——fuselage lift-curve slopes mg

given in reference 4. The (Xao)r values obtained from equation (6) for
the method I and method II date and the AX,, values from figure 5 are

glven in table V. The values of (Xac)r for both methods are plotted
in figure 6 and are identified by method.

It will be noted that the errors associated with the aerodynamic
centers Xac of table V are not constant. Use was made of these errors

to define weighting factors to obtaln weighted average values of mero-
dynamic center at the group Mach numbers indicated in table V. The
welghting factor is defined as

12
wo= (g (7
(Xac>

and the welghted averege serodynemic-center position 1s defined by the

equation
}E:‘w(xac>r

(X&C)r = ——— (8)
Z w

The standard error of the weighted average is given by the equation

Z w(xac)r2 = (iac)r Z W(Xa.c)r

Fae NZW

The last column of table V glves the welghted average values of the
aerodynamic-center position and the standard errors computed using equa-
tions (8) and (9) for the Mach number groups used. These weighted average

(9)
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eerodynamic-center values are also plotted as circles in figure T with
& line faired through the data to indicate s reasonable variation with
Mach number, the standard error of each point (shown as the vertical
lines within the Symbols) belng considered. -

Comparison with wind-tunnel data.- Wind-tunnel model date corrected
for model flexibility effects are given in reference 7 on pages L-124,
1-126, and I-128. From these datse the wing-fuselage aerodynamlc-center
data shown in figure 7 (the diemond-shaped symbols) were obtained for the
avellable Mach numbers and mey be compared with the flight measurements.

Aerodynsmic-center positions at varlous altitudes.- The wing-fuselage
aerodynamlc-center position as affected by wlng flexibility may be calcu-
lated for varlous altitudes by the use of equation (6), the AX, ., data

of figure 5, and the faired curve of figure 7. The results of these cal~
culstions are shown in figure 8 and are considered to be the best esti-
maetes of aerodynamic-center position that can be made from the flight
deta. The results are limited to a low Mach number of 0.40, a high qmp

of 50, and an airplane weight range from 110,000 to 130,000 pounds since
these conditions represent the limits within which the flight measure-
ments were obtained. )

Zero-Lift Pitching-Moment Coefficient

In the following section the determination of the zero-lift wing-
fuselage pitching-moment coefficients from the A coefficilent of equa.-
tion (B2) (for method I) and from the By coefficient of equation (B5)

(for method II) is illustrated with results presented for both methods.

Method I.~ Equation (A9) of the appendix 1s used to determine the
wing-fuselage zero-l1ift pitchilng-moment coefficient as

o A% _
Cmoy =~ 352 (10)
where
Xp = lg +d . (11)

For the example maneuver (flight 12, run 27), the substitution into
equation (10) of numerical values for A from equation (B4) and

xg = (-552) + (-1.97) = -554% inches

produces a messured CmQM value equal to _
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c __ (-1702) (-55%)
"M~ 7 (159) (1428) (155.9)

The values of CmoM thus obtained from the A coefficients of table III

= =0.0266

and the use of equations {10) and (11) are given in table VI and are
plotted as a function of Mach number in figure 9 for each of the 68 maneu-
vers. 1t was demonstrated in reference 3, however, that the measured tall
loads were subject to large zero shifts (ranging from 16,000 to

-6,000 pounds). In order to correct the measured zero-lift tail load,

use is made of the equation

= Az - (12)

. AC orr Xt

where Z' 1s the zero shift 1n measured tail load given in table III of
reference 3 for the same maneuvers used in the present analysis and Zp

is the zero shift in tail aerodynamic torque determined from a tail torque
and teil angle-of-attack analysis similar to that used for the tail loads
in reference 3. For the example maneuver, use of equation (12) gives

Acopy = -1702 - (20) - (240) = -1962

The zero-1lift wing-fuselage pitching-moment coefficient is then recalcu-
lated by use of the equation

'Acorr X

Cy = ———Egg——- (13)

which with numerical velues lnserted becomes

-(-1962) (-554)

= = =0.0307
M0 T (159) (222625)

for the example masneuver. The error in Cmo may be estlmated by the

use of the standard error in the A coefficient as

_ EA%g (1)

eCmOI asc

Using the standerd error of A from table IIT gives

o _(£363)(554)  _ 4.
TOr  (159) (222625) 00007
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The corrected zero-lift wing-fuselage pitching-moment coefficients and
thelr associated errors are listed in teble VI. Figure 10 is a plot of
the Cmo values as a function of Mach number and, although scatter does

st1ll exist, these results are a decided improvement over the results pre-
sented in figure 9.

Method II.- The elevator-angle type of solution mey be used to deter-
mine the zero-lift wing-fuselage pitching-moment coefficlents, as illus-
trated by equation (A24k) of the appendix:

C

= SeXe oy, e B
CmOII - Sc 60 [(Clu’t)f as * Cm5 xt]

(cl%)f[yoo + g :;—123 -g—; - (1 - %)(aoadj + 2.75)J (15)

The substitution of numerical velues for the example maneuver, using the
80 value of table IV, geometric perameters, and tail angle-of-sttack
parameters from reference 3, results in

wilth an associated error of +0.0033. Values of CmOII and their standard

errors are listed in table VI. Figure 11 is a plot of the CmOII values

as a function of Mach number, which is seen to indicate (although with
somewhat more scatter) the same average varistion with Mach number as
illustrated in figure 10 for the method I data.

The correlation between these two methods of evaluating zero-lift
wing-fuselage pitching-moment data 1is seen more clearly in figure 12
where CmOI is plotted against cmOII' The solid line in this figure

is the perfect agreement line and the dashed sidebands represent an
average departure from agreement based on the average of the errors
listed in table VI for each method. With a few exceptions most of the
data lie reasonably close to the correlation line.

Veriation with Mach number.- The Cmo data of figures 10 and 11

indicated & tendency for the lower sltitude data to have smaller sbsolute
values of Cpg. Thils trend 1s in agreement with theory since inereasing
the dynamic pressure at constant Mach numbetr relieves both the bending
and torsional moments assoclated with the zero-lift wing loads and thus
reduces the wing contribution to Cmg+ Theoretical calculations indicate,
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however, that for the maximum qmgp of the present tests the change in
would be only 0.0010. Other factors not specifically corrected for
in either set of Cmo datae are the pitching-moment coefficient due to

tall drag which was estimeted to have a maximum value of 0.0023 and the
pitching-moment coefficient due to engine thrust whilch was estimated to
vary from 0.0019 to 0.0014 for the dynamic pressure range of the 68 maneu-
vers used ln the analysis,

In order to determine a more definlte varietion of Cpg , with Mach

number, the data shown in figures 10 and 11 were used to determine weighted
average values of Cmo at each of the Mach number groups shown in table VI.

The welghts were assigned by use of & welghtlng factor w similar to that
given in equation (7) except that exﬁc wes replaced by ecmo. The

welghted average Cmy 1is given by the equation

wC
%o (16)

W

E;E =

and the standard error of the weighted average is given by the equation

C 2 C wC.
w -
( mO) o) o)
€ =
* ).
ny w
The results of the application of equations (16) and (17) to the data

for each of the Mach number groups are given in table VI and plotted in
figure 13 as & function of Mach number.

(17

Comparison with wind-tunnel data.- Wind-tunnel data corrected for
model flexibility effects are given in reference T on pages L-12k, L-126,
and L-128. From these dats the wing~fuselage zero-lift pitching-moment
coefficlents (shown as the diamond symbols in fig. 13) were obteined.

Pitching Moment of Inertis and Radius of Gyration

In the following sectlons the effects of wing flexibility on the
measured and calculated effective airplane moments of inertia are presented.

kyfe from theory.~ The effective moment of inertia of the alrplane
including the effects of wing flexibility is defined by equation (AlO) as
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The values of dL,/d8§ and dy to be used in equation (18) are difficult

to determine by direct experimentation and recourse is made here to esti-
mating them by theoretical means. The aerodynamic wing load due to
pltching acceleration de/de and the associated chordwise center of pres-

sure dg were computed by the superposltion method of reference 8 as modi-
fied and used in references 4 and 5. The results of these computations are
shown in figure 14 where the load (in this case for both wings) and the
center of pressure (given in terms of percent M.A.C.) are plotted as func-
tions of the flexibllity parameter gmg. The relationship between the

ordinate Xg of figure 14(a) and the center of pressure dg 1is given
by the equation :

3% = (%ac - %) 155 (29)
where Xge may be found from figure 8. The substitution of equetion (19)

into equation (18) and division by W/g produces the following equation
for effective radius of gyration squared:

o - e ) B

It was found that in the range of interest of gmg for the present tests
the product (Xﬁc - Xg)%éﬂ was approximetely linear and was eqyal to

(%ac - xg)z_gx = 10,000qumy (21)

Thus, kyf2 in units of square feet is given by the equation

2 2 32.2 X 1.559.
k = - 10,000q:
v = Ky IR R
2 .2 qmp
kye" = ky~ - 42,000 = (22)

Values of kyfe calculated by equation (22) are glven in table VII and

are plotted in figure 15 as a function of qu/W for the 68 test maneu-
vers. In the calculation of ky2 the empty-welght moment of inertia
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glven in reference 9 for a ground determination of Iy for the test

alrplane of 933,000 slug-feet2 wes used along with the fuel welghts and
locations.

kyf2 from flight data.- The squared values of radius of gyration,

obtained by use of method I and method II flight data and equations (Al0)
and (A26) of the appendix (along with their standard errors), are given

in table VII for all meaneuvers. The average values of kyfz (from

methods I and II) are also given in table VII and plotted in figure 15.
It will be noted that the measured kyfz values have more scatter but

a greater mean veriation with gmp than the calculated values. The
disagreement between measured and calculated kyz values may be due to

actual differences in the rigid-wing values or an incorrect theoretical
variation with qgmg. In order to allow for these differences, the fol-

lowing procedure was used to correlate flight and calculated values of
kyfz. If the values of kyfz are assumed to be linear with respect to

qQmg, the following equatlons mey be written:

2
e - b o)+ Bt
W

2
(kyfa)meas = (ky2 + 62) + (defg;;éas qis (2k)
W

Subtracting equation (23) from equation (2&4t) results in the fol-
lowing equation for Akyfg:

Akyfz - (#yfe)meas - (kaa)calc
2 2
B (ee - 61) + (dkyfngeas - <dkyqu;alc q?;R (25)

d 5 v
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Equation (25) now permits the correlation of all the date as a function
of amg since the actual kyz values that differ from run to run

because of weight-distributlon differences ha&g been eliminated by the
subtraction. Columns of Akyf vaelues and _WB are shown in table VII,

A least=-squares procedure wes used with the dats to establish the fol-
lowing relationship between Akyfe and gmg/W:

7

Akyfz = (6.6 £ 5.3) - (11.5 & 2.6)(‘%*‘* 104) (26)

Since the standard error of the value (62 - el) of equation (26) is 5.3
and the average stendard error in the measured kyfg from table VII is

+5.8, the conclusion to be reached 1s that the flight measurements agree
with the celculated values of kyg for rigid-wing conditions. The dif-
ference between the measured and celculated kyfe values is in the varla-

tion with gﬁgw The equation which represents the flexible-wing effective
radius of gyration is, thus, from equations (26), (25), and (22):

[

kyfe = ky? - (115,000 * 26,000 + hz,ooo)%ﬁ

or

2

kypo = ky° - (157,000  26,000)2R

2 (27)

2
kyf
and calculated varietions of kyfa with qmg/W were sufficiently large
to require some further evidence or confirmation. In figure 15 of refer-
ence 2, optigraph measurements for the test airplane were reported which
showed a conslderable disesgreement between measured and calculated values
of wing twist assoclated with pitching accelerations. These twists as
plotted in figure 15 of reference 2 are not those due to pltching inertia
alone but include an sdditional air load component. After correction for
this component, the aerodynamlic load distribution due to twilst resulting
from pitching inertia was computed by use of the method of reference 10
for the example of figure 15 in reference 2. TIntegration of the resulting
load distribution for both wings gave a load per unit pitchling accelera-
tion of -15,040 pounds with a center of pressure at 86.9 percent &.

Both of these points are Indicated on the theoretical curves presented in

from wing-twist data.- The differences between the measured
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Pigure 1%. Equation (20) was then used to compute the effective radius
of gyration sguared as

2 386(1.559)
k 8. 18.8 - 86.9)(-15,00
ve = 32432 " 768, 000) { 9)(-23,000)]

318,52 feet?

where 358.3%5 was the rigid value of k.y2 and 108,000 was the welght for
the conditions of the data of reference 2. The value of qump for this
exsmple is l9.6; thus, the application of equation (27) results in

157,000
108,000

kyeZ = 358.35 - 19.6

329,86 feet?

The theoretical value is determined from equation (22) as 350.73 feet2.

The following table indicates the correlstion between the various
methods of determining the effective radius of gyration squared for the
test airplane under the average conditions used:

kyfg: ekyfa:
Method
££2 2
Theoretical (eg. (22}) « . . & « o o} 350,73 ====-
Anslysis of all 68 flight maneuvers (eq. (27)) . | 329.86] th.T2
Wing-twist measurements .« « o + « o o « o o o o o o | 31852 —-eun

Better agreement 1ls seen to exist between the kyfa value using wing-

twist measurements and the value determined by use of equation (27) than
for the theoretical value determined by use of equation (22).

DISCUSSION

The preceding sections of the report have presented the results of
the analyses and comparisons with theory and available wind-tunnel data
as well as detalls of the analytical methods used to evaluate the flight
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data. The following dlscussion concerns the importance of the many fac~
tors included or omitted in the present anslysis.

It is possible to lose sight of the importance of the supporting
experimental studies necessary for the analysis of the horizontal-tail
loads on & large flexible swept-wing aircraft. Although the present
analysis was complicated by some difficulties, which were unforeseen
when the flight-test program was originally laid out, the detailed sup~
porting instrumentation which measured airplane angle of attack, wing
deflection and twist, and fuselage deflection proved to be invaluable in
many phases of the data asnalysis. In brief, the determination of the
rigid wing-fuselage aerodynamic-center position from the flight data was
conslderably simplifled as a result of the flight measurements of wing
center of pressure presented in reference 5.

The determination of wing-fuselsge zero-lift pitching-moment coef-
flcients from the flight data, which included large zero shifts, was only
possible as a result of the tail-load analysis presented in reference 3
which requlired the wing-lift-curve slope and angle-of-zero-lift data pre-
sented in reference 4. A major factor in rationalizing the tail loads as
functions of angle of attack and elevator angle was the avallability of
flight measurements of fuselage deflections which have since been reported
in reference 11. ” '

The evaluation of the effects of wing flexlbillity on the effective
nmoment of Inertia was alded by the theoretical studles used in refer-
ences 1, 2, 4, and 5, the basic moment-of-inertias data provided by refer-
ence 9, and the supporting check Iinformation obtained from the wing-twist
meesurements reported in reference 2. :

The analysis of elevator-angle-deflection time-history data used in
the present report to confirm the direct tail-load evaluation of
aerodynamic-center position, zero-lift wing-fuselage pltching-moment
coefficlent, and effective alrplane moment of 1nertia was based directly
on the analysis of references 3 and k4.

Basic-Date Coefficlents

When method I was used to fit the tail-loaed time-history data,
it was found that the wing-fuselage pitching moment due to pitching
velocity produced lmmeasurably small horizontal tail loads. A theoretical
61
calculaetion of the tall load per unit —VE (as used in the airplane
pitching-moment equation (Al), not the-tail—load-—angle-of-attack equa.-
tion (Al15)) for the example maneuver (flight 12, run 27) resulted in
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i3

T - .18.0 pounds per degree

[N}
De
4

aLy
which maey be compared with the discarded value of —éTT- = 82 pounds
£

Vv
per degree noted for this maneuver in the flight analysis equation (B3).

The equations used to fit the tail-load and elevator-angle time-
history date (egqs. (B2) and (B5)) did not allow for the effects of dynamic
wing end fuselage flexibility and, yet, no discernible differences were
found in compering the coefficlents of the slow-rate and fast-rate maneu-
vers. In several cases, dynamic wing-flexibllity effects were suspected
and the use of wing-tip flapping accelerations lmproved the fit to the
time-history data without altering the primary coefficients. It was felt,
therefore, that reasonsbly accurate results were thus obtained for the
bulk of the data analyzed.

A factor somewhet more difficult to define positively 1s the linearity
of the wing-fuselage pitching-moment coefficient with normsl-force coeffi-
cient. The forms of the equations used force linearity and, for some of
the higher altitude data where results were obtained at relatively high
normel-force coefficients, this may have resulted in erroneocus slopes and
intercepts. All suspected departures from linearity were checked by the
error-distribution time histories.

Another probable source of error was the sloshing motion of the fuel
in the three large unbaffled fuselage fuel tanks, which maey have introduced
errors in the assumed equation of alrplane motion.

Aerodynamic-Center Position

Aside from the factors previously mentioned the accuracy with which
the in-flight center-of-gravity position could be determined governs the
accuracy of the flight values of wing-fuselage aerodynasmic-center posi-
tion. Corrections were made to account for the effect of alrplene atti-
tude on the fuel level and the resultant effect on center-of-gravity
position. However, there was some indication from ground tests that the
fuel-gage readings were not entirely independent of airplane attitude.
The agreement shown between the aserodynemic-center positions determined
by methods I and II is excellent and with few exceptions well within
their calculated standard errors. The agreement between the data for
the rigid-wing aerodynsmic-center position shown in figure T and the
wind-tunnel date seems ressonable. In the Mach number range from 0.0
to 0.775 there is & difference of only 0.0l&. The rearward shift of
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aerodynamic-center position indleated above a Mach number of about 0.78

1s belleved to be assoclated with the fuselage since the wing serodynamic-
center position given in reference 5 remains at roughly 23.4 percent of
the local wing chord up to M = 0.81.

Zero-Lift Pitching-Moment Coefficient

The agreement between the corrected zero-lift pitching-moment coef-
ficients measured by use of method I and those measured by use of method II
indicated that the tail-load zero-shift correction method proposed in ref-
erence 3 was theoretically and practically sound. The dlfferences between
the flight values of Cmo shown in figure 13 and the wind-tunnel values

(ref. 7) are large and not easily explainable.

A source of error in the determination of Cp, from flight data by
use of elther method I or method II is the accuracy of the elevator-angle
measurement. Whille, for the present tests, the elevator-angle datae were
repeatable to wlthin 0.1 degree for comparable flight conditions, an
error in C due to elevator-angle zero errors (fcmo ) would be approxi-

mately equal to o)

ecm05 s 0.680L5c-:5

which with a maximum value of CL6 from reference 4 as 0.03 would be

ecmoa = 0.0268

As detalled in the section entitled "Methods and Results," the neg-
lect of the effects of wing twilst, tall drag, and pitching moment due to
engine thrust could produce a maximum error in the fiight measurements
of CmO of +0.0052. '

Moment of Inertis and Radius of Gyration

The major factor affecting the accuracy of the determination of ny
or kyf2 for any individual maneuver is believed to be the effect of

fuel sloshing on the airplane motion. In some abrupt maneuvers durlng
which the tall of the airplane accelersted from positive to negative g
and back again, the fuel In the rear tank slsmmed back to the bottom of
the tank and, as a result, produced considerasble vibration in accelerometer
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readings at the center of gravity. Although an attempt was mede to elimi-
nate portions of the maneuvers from the analysis when such occurred, the
large surging actions of the fuel undoubtedly have contributed to some

of the scatter in the Iy data.

The good agreement between the measured and celculated values of
ky2 for the rigid wing is believed to be indicative of the overall accu-

racy of the methods used to extract the airplane static stebility param-
eters from the flight taill-load and elevator-angle measurements.

The varistion shown between theory and experiment in the changes
of kyfz with the flexibllity parameter qu/W is puzzling even though

it has been confirmed qualitatively by the wing-twist measurements of
reference 2. This disagreement may be assoclated with unaccounted for
local wing-section distortions near the tip or wing twlsts associated
with dynamlic motions of the wing tip which may be closely phased with
the piltching acceleration time history.

CONCLUDING REMARKS

Flight measurements of wing-fuselage serodynamic-center position,
zero-1ift pitching-moment coefficient, and effective airplane moment of
inertia have been presented as derived from the analysis of 68 push-pull
maneuvers on & large flexible swepb-wing airplane in g Mach number range
from 0.42 to 0.81 st pressure altitudes from 20,000 to 35,000 feet. The
paremeters as derived by two methods from measured horizontal-tail loads
and elevator angles were in excellent agreement. The method for cor-
recting for tail-load zero shifte (proposed in NACA RM I56J02) was applied
to the £light data with good results, as evidenced by a comparison of the
uncorrected and corrected zero-1ift pitching-moment coefficients derived
from the tall-load measurements.

The effects of wing flexibility on the aerodynemic-center position
and on the zero-1lift piltching-moment coefficient were predictable by
theory. The rellef provided by the wing bending and twilsting due to
pitching-acceleration Inertia loads to the effective moment of inertis
was not predictable by theory. For the one check case availasble, essen-
tial agreement was obtalned between optigraph data and tail-load data
for the rellef due to pitching-acceleration wing loads.

Specifically for the test eirplane it was found that:
1. Reasonable agreement was obtalned between flight-messured rigid-

wing-—fuselage aerodynamic-center poslitions and those determined from
wind-tunnel tests.
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2. The rigld-wing—fuselage aerodynamic-center position wes con-
stant at 24.k percent mean serodynamic chord up to a Mach number of 0.78,
efter which it shifted rearward as the Mach number increased to its maxi-
mum £light value of 0.81.

3. The rearward shift in the wing-fuselage aerodynamic center above
a Mach number of .0.78 appeared to be associated with the fuselage since
the wing aerodynamic-center position given in NACA RM I5TE28 remained
constant at 25 4 percent of the local wing chord up to a Mach number of
0.81. '

4. There were lerge differences between the wind-tunnel and flight-
determined values of zero-lift wing-fuselage pitching-moment coefficlent
over the complete Mach number range of the tests.

5. The moments of inertia determined from the flight measurements
agreed with calculated values for the rigid-wing case.

6. Calculated effective moments of inertia, which included the
relief due to wing bending due to pitching-acceleration inertie loads,
did not agree with those measured by the present flight tests.

T. For the test airplane, the pitching moment due to pitchling-
velocity loads on the wing was shown to be insignificant both theoreti-
cally and from the tail-load measurements.

Langley Aeronautical ILaboratory,
: National Advisory Committee for Aeronsutics,
Langley Field, Va., August 1, 1957.
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AFPENDIX A
PITCHING-MOMENT EQUATIONS

The pltching moments on the alrplane mey be expressed by tsking the
summation of the moments about the wing~fuselege aerodynamic-center loca-
tion as '

E: Mge = O = -nWad + CmquE - Iye + Ly dg + Lé dé + I%xt + CmSSqStct
(A1)

In equation (Al) positive forces act upwards, positive moments are nose
up, and distances rearward of the serodynemic center sre negstive.

The parameters in equation (Al) which are functions of the wing
flexibility are the aerodynamic-center location 4, the wing-fuselage
zero-1ift pitching-moment coefficient CmO’ the 1ift on the wing due to

the load induced by wing deflection due to pitching inertia Ly, and

the 1lift on the wing due to the distribution of 1lift due to pitching
velocity Lg. The term Ly 1is defined as

dLy .
Ly = —= 8 (a2)
and the term Lé 1s defined as

L (a3)

De
De
P)

ot

A

Method I - Direct Tail-load Measurement

Equation (Al) may be written as

= z ALy s _ O 4, 8%
Lgxg, + Cp BaS¢C = ~CmoaSe + nwWa + (Iy -5 de> g - = dy =2~ (%)
4
G ————

Vv
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For the test date analyzed in the present report, the horizontal-tall
serodynamic load Ly and the tall aerodynamic torque

Ty = Cug®aS43y (85)

were both measured by means of strain gages; thus, equation (A%) may be
used as

Lop = L + Xo | X T E{'dé‘nﬁ.jq;v

v

In a form simplified for least-squares anslysis, equation (A6) may be
written as

_ OmoaSe  nwa <Iy T dé) i e 4 o (46)

81y _
Lb,I.-A+Bn+CG+D—V— (AT)

From the coefficients A, B, C, and D of equation (A7) and the corre-
sponding terms of equation (A6), the pitching-moment parameters of inter-
est may be defined as aerodynemic-center location 4 _

Bl
t
= A8
— (48)
zero=-11ft pltching-moment coefficient Cmo
Axy .
== (29)
effective alrplane moment of inertia ny
ar,
Iyp = Iy - d_é'— dy = Cxy _ (A10)

6ds =D = X (A11)
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Method II - Pitching-Moment Parameters From
Elevator-Angle Measurements

For the determination of pitching-moment perameters from elevator-
angle measurements, a more camplicated series of equations must be
written which also include the effect of fuselage deflection on the
horizontal-~tail angle of attack. Equation (Al) is rewritten as

gSeé ., nWd <%y aL, dé)g _ (fmsaqstaﬁ) _ dL, 48 élt (a12)

w ok TR TR T @ &, < R
N
Now
Ly = O, a8y (A13)

end at cen be written specifically for the test alrplane by using
equations (4) and (6) of reference 3:

de 61 n - 1) 81
%=-3.00+mw(-a)- tde, g B2, de g,

a
O 5 . It g, St (ALk)

By the substitution of equation (Alk) into (A13) end factoring out the
tail-load terms, the tail-load equation msy be rewritten as

Crq, 85t d 81
de O, t( de)
= =3.00 + l-—)%+—208 =~ 1+ +
& 1 -3 g 3[3 aw< d“) s E=
- = Qs
aLy
Zt de dit
—_ —({n-1) + — Al
g Zaln -1+ 3 %} (a15)
Clut
Hereafter, the expression n is defined as the effective
t
l-—2C
aly, Ly 35¢

tail-lift-curve slope (Clﬁt)f'
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With the use of the additional equatlons A
ng = n - 1.3526 (416) .
l c (A7)
O = G0gay * 5p OMan * v 7
Tye6
_ oW _ YT

where equation (Al6) is the tall load factor expressed in terms of the
center-of-gravity normsal load factor and pitching acceleration and equa-
tions (Al7) and (Al8) are used in reference 3 to define the wing angle
of attack, equations (Al5) and (Al2) can be combined to give -

5=50+_,__v_+§5n+£é' (A19)

where : ) . o o=

= (A20)

8o = &
[(Clu,t)f SE 4 Cng xb]
(A21)
> e - T lre)e - 8 BB ) - (- E)(ora)s 5]
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and

e, 1.352(C2,,, ), ;ni:— + (1 - QE>£__CI%)fny

aSixt da, antSq
dag (S
[(Clu‘t)f @ ms xt:]

From equation (A21) the zero-lift pltching-moment coefficient Cmp may

(A23)

@:
35

be derived as

= o P 55+ 0 ] - (oo 0 28

<1 - %)(aoadj + 2.75)] (a2k)

The serodynemic-center location 4 may be derived from equation (A22)
as

 Gop dig Ut de de\ W fo’s)
‘t(clut)f[a—naa—““a*gv—ga*(l'—) }*acma"t

de, quS
d = - (A25)
M _ (¢ % dap , diy Z_td_e+<1_E_W-
aS; < I“’t) f[an &  dng | © 32 da do) apqs
and the effective moment of inertis ny, from equation (A23) as
QX 35 Ao, gt aiy
Iv. = = |(C — + Cp. —| - 1.352{C —_—
Ve 5(Cry), |3 [( lar)e -+ s Xt 552(C10,) ¢ dn
e (- e
SaF
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APPENDIX B

ANALYSIS OF BASIC DATA

As shown in appendix A the wing-fuselage serodynemic-center posi-
tion, zero-lift wing-fuselage pltching-moment coefficient, and effec-
tive moment of inertis may be determlned from the coefficlents of egua-
tione (A7) and (Al19). The following sections give the least-squares
procedures used for the determination of these coefflcients and illus-
trative examples for both methods I and II.- ’ ’

Solutions by Use of Method I

For analysis of flight tall-load measurements for each maneuver,
equations of the form of equation (AT) may be solved for the coeffi-
clents A, B, C, end D as follows:

-1l .. 'q N
7

1 n & 8yfv T i1 o 8 6ufv 1 n & fv(T |Leg

- * < > (B1)

UQue

In equation (Bl) the individual rows of the rectangular matrix and the
column matrix Iy represent simultaneous measurements of the indl-

cated parameters at each of various times in a given push-pull maneuver.
Equation (Bl) in the following equivalent form was used for the deter-

mination of the A, B, C, and D coefficlents for each of the
68 maneuvers listed in table II:



NACA TN L4191 33

i N Z n Z § Z d1,fv | Z L
Z n Z n2 z &n Z (ézt/v>n Z Lggn }
= 3 (B2)

Ir LW I® DO | T
Yoo Y e Y G Y G| (Y e

- J

[=NaN:-E 1

The determination of the A, B, C, end D coefficients for each
maneuver by the use of equation (B2) requires time-history measurements
of the following quantities:

n normael load factor at center of gravity

<] pltching acceleration at center of gravity

ézt/v tail angle of attack due to pitching velocity

Itm serodynamic taill load plus tail aerodynemic pitching moment

Figures 2 and 3 illustrate 1n time-history form the date used in the
analysis of a typical maneuver (flight 12, run 27). The pitching accel-
eration & has been corrected for instrument frequency-response
characterlstics.

The use of equation (B2) with the time-history data of figures 2
and 3 resulted in the following equation for tail load for this meneuver:

Ltp = -1722 + 49Tn - 241508 + 82614V (B3)

The coefficient of ézt/v was small in comparison with 1ts standard

error and the fit to the time history was not improved by the inclusion
of this pitching~velocity perameter. Analysis of the other maneuvers
also indiceted thet the parameter ezt/v did not contribute significantly

to the pltching-moment tail-load equation. Thus, for this and subsequent
maneuvers the A, B, and C coefficients to be presented were obtained
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by using equations of the form of equation (B2) with the élt/V term

omitted. With the pitching-veloclty term omitted, the equation deter-
mined as fitting the time history of ItT for flight 12, run 27 became

Lty = =1702 + 3920 - 240596 (B4)

The calculated tail load Lyp (eq. (B4)) is compared in figure 3 with
the measured time history from which it wes derived. The fit 1s reason-
ably good and this sample maneuver 1s representative of the worst rather
than the best correlation obtained.

The A, B, and C coefficlents obtained from the least-squares
analysis of each of the 68 maneuvers are given in teble III. Also listed
in the table are the stendard errors of fit and the standard errors of
the individual coefflcients.

Solutions by Use of Method IT

The elevator-angle equation (eq. (A19)) may be written in a form for
least-squares solution of time-hlstory data as follows:

_ - r 4t ¢ 3
80 N z n Z g 2 814 /v Z )
% Z n Z n2 - z én Z (814 /V)n 4 Z 8n
< - (B5)
® }: 5 }: a8 zz 2 .E: (814 /v)6 E: 8% (7
Som ) s ) atum ) sGem ) G Y o(ir/v)

In figure 4 the elevator angle is shown in time-history form for
the example maneuver (flight 12, run 27). When the elevator-angle data
are used in addition to the date shown in figure 3, the following equa-
tion is obtained by solution of equation (B5):

5 = 4,548 + 3.53L 3%2 - 6.620n - 21.5638 (B6)
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In this case the term élt/V is an Important parsmeter and is retained

for all solutions. A time history of the elevator angles computed by use
of equation (B6) is shown in figure 4. The agreement is reasonably good
but again the example maneuver is not as good a fit as was obtailned with
the majority of the manéuvers analyzed.

The elevator-angle coefficlents of eguation (B5) for all 68 maneuvers
are listed in table IV along with their standard errors and errors of fit.
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TABLE I.- ATRPLANE CHARACTERISTICS AND DIMENSIONS

Horilzontal tail:

Total ared, S ££ ¢« « ¢ v ¢« ¢« 4 o 4 o o o o o 4 o 0 e e .. 268
S o« T e 33
Root chord, ft . . . s 1
Mean aerodynamic chord ft e e e e . e e e e e 8.58

Distance from horizontal tall 25 percent M.A C. to wing

25 percent MLALC., £F & & v v 0 v o ¢ ¢ o o o o « o« o o o 46.52
Incidence angle, deg .« s e e . s s s e s s s w s e e -0.25
Sweepback (25-percent-chord line), deg e e e e e e e e e 32.9
Aspect ratio . . . . . . . . . . e e e e e e e e e e 4,06
TEpPEr TABI0 « « « « o « o o o = « + s & « o o s s o« o« . . 023

Airfoil sectlon . . . . . . « . « « BAC 100

Strain-gage reference station (percent semispan) e e e 4 5.3
Wing:

Total ared, S F5 « « ¢ v o o o o o o o o o o o o« o o . . 1,428

Spen, £t . . . . . e e e e e e e e e e e e e e 116

Mean aerodynamic chord in e & o o e o o s e o a s e o o 155.9
Aspect Tatlio . . . 4 it 4 e 4 e e e e e e e e e e e e e 9.2
Tgper ratio . . . . N s I 1¥-T6)
Incidence angle, deg . e e 4 e e s o a o a 2.75
Sweepback (25—percent-chord line), deg e e e e e e e 35
Airfoil section . . . . . . e e e e e e e e e BAC 145
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TABLE II.- SUMMARY OFf FLIGHT CONDITFICNS

percant M.A.C.

Canter~of-gravity
location,

ydd

dann

2333

an-d

d&d

Lalal Ve
Lt ]

annen

wnn.

Qe

ANNQ A 0

Q90949

O ol 4 Gy oné0

SEERREETY

aroygarng
Qnn
oaRRna3ns

5555&.7829&
@ s e eTg e w ey

FAXAIAINGR

AAAS0S

A
3
N

112,600
112,300

132,200

308,900
#7700
400

900
5000

£1.]858|9838| 282 |2a233 988 | 8382385 | 8384452 | 38598388 | 2e888008E 3804008085 (883888 888
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TABIE III.~ MEASURED TAIL-IOAD COEFFICIENTS OBTAINED BY USE OF EQUATION (B2)

39

Flight Run A e B B c € Bmtu
2 27 -1,26% 184 279 180 -30,725 980 20k
28 -k, 207 1208 920 +180 , Gk +861 122
29 -6,555 1312 TT6 $121 -29,533 +6811 78
3 i -2,1k3 207 -1,260 *1hg -29, 803 9 95
12 -1,62T 199 -1,h46 + -31,6%6 +611 103
13 -19 93 -1,h20 +76 -30,567 722 &
1k 385 81 -1,57> £106 -31,k08 +578 &
i 19 -6,5%5L 191 1,108 77 -24,466 ey 6
20 »2T2 +206 6L 133 -4, 96% +500 ga
21 -1,18. 185 9a 202 -26, Sk 625
6 1 =3,78 #123 ~1,558 101 -26,h92 +626 &
12 —&,543 +21h -1,016 92 -22,263 485 T6
3 =3,3%2 +357 -1,305 211 -23,929 75 1k6
1k -2,062 3 -1,610 +229 -26,180 255k 11
15 -1,h9k 242 -1,286 282 2, k84 *793 105
8 13 8,2; 1,302 111 27,745 +Th3 69
5 6, 1132 1,805 99 -27,986 +h60 101
6 2,09 2,238 «88 , 878 W11 &
9 1 1,921 352 1,259 1hk -31,453 533 gL
2 12,383 ﬁ9g 1,553 +121 -30,431 £1,012 110
3 10,07k *33 1,526 +11h ~30,379 670 ¥#]
B T, ko4 217 1,648 b4 -28,856 3493 98
5 3,910 125 2,073 +79 -27,788 =61 8
6 2,723 190 1,518 #2011 -30,925 &1, 204 108
T 1,85 £187 1,000 +£205 -30,h8: 1,321 oL
10 3 11,88 326 988 218 -30,098 72T 153
& 9,10 261 1,091 285 -32,209 -xgv:i 203
5 7,705 +200 1,12k >} -29,8%0 +686 128
6 5,218 84 1,715 +136 -28,107 16 98
T 1,170 +106 1,554 +168 -£9,07L 536 ar
8 -673 296 1,807 £381 27,958 +960 18
9 -1,136 126 1,379 130 -28,669 W87 106
1 13 362 13686 16 307 -26,600 953 295
12 532 155 k17 +183 -26,567 £553 k6
13 -1,6%0 +10M 659 £10k 26,062 406 &
1 -3,197 +209 1,057 #156 -2k, 022 22l 161
15 566 +263 1,009 171 -2k, 700 60k 210
16 =5,821 221 1,257 k2 -23’;.“63 +h06 18
17 1,315 267 1,38 143 -22 hl5 12k
24 ZosT 286 501 216 26,232 1,263 108
12 6 6,965 216 -6 +320 -26,798 598 180
T 5,332 239 -378 +363 -25,78L +683 284
8 ,988 T3 -1,873 638 -27,160 243 28
9 2,387 203 =592 *297 -25,096 2607 279
10 -286 697 -5 =87 -23,892 +1,31% A0
11 -1,028 +656 -1,022 +T50 24, 855 £1,268 366
12 -2,766 +679 -1,283 456 -2k,518 838 169
17 , 802 512 -1,k50 1395 -26,h2% 2 222
18 -5,436 1338 -1,588 o -26, +h67 152
19 =T,55% 1309 -60% *165 ) 377 191
20 8,431 £402 -650 +217 -24, 479 £hTh 186
21 -9, h32 -651 226 -2k, 257 91 155
22 -9, 1510 538 -23,682 501 211
2% -1b,676 1321 -263 135 -23,659 £35h6 130
ok -T,060 %03 1,338 18, -22,970 0 158
25 -5,765 *259 1,027 €73 -23,239 +380 163
26 =3, 166 [:%) 128 -2k, W3T 35 115
27 -1,702 +363 392 1358 -2k, 050 637 267
28 -880 EHEL k0L w478 -2, T26 sbel 289
16 1 2,268 +80 8ok +11k 26,41k +38T 0
2 2,367 38 -870 158 -25,9%59 45k 135
i 3,030 a2kl -1,263 +169 -27,119 +55T 137
3,202 3k ~L,U6T £161 -27,302 +H96 ]
5 3,588 97 -1,9T3 +113 -28,37L hlg T
6 2,7% +69 -1,677 «80 -e7,929 +2h2 o
7 5 -5,376 F>- 13 -166 +126 -22,542 45T 135
6 -3,392 1272 =38 %188 ok, 246 561 221
T 1,36 436 -1,260 £393 -26,152 32 225
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TAELE IV.- MEASURED ELEVATOR-ANGLE COEFFICIZNTS OBTAINED BY USE OF EQUATION (BS)
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TABIE V.- AERODYNAMIC~CENTER POSITION
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TABLE VI.- ZERO-LIFT WIKO-FUSELAGE PITCHING-MOMENT COEFFICIENTS
Cmg
Group Group (method T Cag “Cmg
X Cag Flight | Run | M | rooined 1) corrected (method I) | (methot IT) | (method IT)
for gerc shift)
1 24 | o.haT -0.0051 ~0.028% £0.005T -0.0402 10,0063
0.429 | -0.0371 % 0.0025| 12 28 1 .het - 0173 -.0313 +.0091 -.0379 +.008%
16 5 428 070k ~.0319 £.0019 -.0389 +.0027
16 6 433 0532 -.0358 +.0013 - +.0028
T 12 27 | M82 -.0265 -.0307 +.0057 -.0326 +.0033
486 | -0,0365 + 0.0012 15 & 482 0301 ~.0361 +,002] -.0k01 £,
12 27 | .483 -.0924 -.0387 +.0098 -. 048 £.012%
i 21 486 -.0227 -.0h15 +.0035 -.0397 1.00h9
11 n 495 0065 -.026h £.0069 -.0354 £.0089
12 18 532 -.0866 -.0388 +.008h -.0413 £.0057
LSh1 | ~0.0826 £ 0.0019| 1 12 § LBhke ~.0081 ~.0301 +.002% ~.0358 £.0030
16 3 She .0383 =-.0394 £.0028 -.O%32 +.0023
12 26 Sh3 -. 066 -.0bkL +.0021 -.0452 +.0016
8 |3 Shb .1286 -.04hk9 1.0045 ~ 0505 +.0019
12 [ 584 .1;2'9 -.0554 +.0043 -.0823 +.0092
395 | -0.04%9 + 0.0016 A 20 591 -.0563 -.0532 £.0027 -.0L5h £.0025
12 25 595 -.0597 -.0452 £.0027 -.0035 +.0026
1 13 597 ~.0212 - 0415 £.0003 -.0h29 +.0018
10 3 598 1831 -.0h52 +.0051 =053k t.mﬁ
9 1 598 .2961 -.0507 £.0070 -.0682 £.00;
16 2 599 .02k2 -.0455 +.002% - 0496 £.0029
12 19 | .600 -.0963 -.0546 £.0039 -.0379 +.0023
3 1 631, 0069 =05 +.002h -.0L65 £.0020
.635 | -0.0495 £ 0.0026 2 27 | .636 -.0229 «o O +.0033 0551 £.0023
1 n 636 -.0k29 -.08k6 +.0024 -.0h51 +.0017
12 20 637 -.095% ~.0485 ~ £.0085 ~.0392 £.0022
12 7 .Gh2 091k -.0678 +.0044 0753 £.00Th
6k | -0.0B45 £ 0.0011] " 22 2k Eh2 -.0638 -.0k5T +.0028 ~.0838 £.0013
15 1| .6h2 L0203 -, 0hT +.0007 -. 0445 £.0011
[ 15 643 -.0201 -.0489 +.0033 0595 £ ae
9 2 64T +2108 -.059T +.0202 -.gggz ER
10 3 J6RT 1270 -.ok;g +.0038 - 0403 +.0032
8 5 . 06Tk - Ok +.0014 -.0hT2 +.0010
12 8 679 0766 - ONAT +.0075 - 0TTL 1.0079
681 | ~0.04T8 & 0.0018 9 3 .681 .1566 -.0539 +.0053 -.0553 +.000T
10 5 681 .0962 -.0419 *.0025 -.déa £,0033
11 15 .681 -.0h62 - OlkL £,0027 ~. 0462 +.0005
12 21 .682 -.0542 ~O4T0 £.0043 -.0418 £.0025
3 13 689 -.0120 -.0614 +.001% ~.0585 £.0023
595 | ~0.052% £ 0.0015 [ 14 690 -.0240 -.051T +.00k0 -.gﬁgg £.0031
12 22 694 -.0916 -.0505 +.0049 - 92 +,0028
L g 69 -.0615 -.0530 +.0018 -0l £.0009
11 16 702 - - £.0021 -. 085 £.,0017
1z ] <721 0338 -.0615 £.0029 =051k +.0036
726 | -0.0620 £ 0.0003| 1T ° T 725 -.0118 0513 £.0037 -.0556 t.gg?g
10 6 726 0352 -.0612 +,0009 -.8235 2.
3 12 728 -.0217 0651 £,0013 - 0833 £.0022
El & .31 +2017 ~.0728 £.0029 -.0711 £.0035
6 ” % C1L 17 T34 -.osggg -.o:g £.0023 - :{r :.mmu
. ~0.05%86 £ 0.00 12 23 5 -.0 -.05 £.0027 - +.
2 28 T35 -1 -.0632 +.0039 -.06% +.0025
6 13 SThL - 0345 - £.003T =08 +.002k
3 J% 50 -.01680275 -.8677'{ i.%;{ - g +.0028
.T58 | -0.063T £ 0.000T 8 .38 . =063 X - +.0005
a7 6 JT62 -.0263 ~. 0664 $.0021 -.065% £.0019
10 17 763 0115 -.0652 +.0010 - +.0017
12 10 Rys) ~.0036 ~.0789 +.0088 - 2.0098
.776 | -0.0809 t 0,0003 ] 5 <TT9 0460 -.0807 +.0013 -.0812 +.0016
[3 1i .78 -.0360 -.07T33 £.0012 -.gﬂ $.0012
.TSL | ~0.0TTO £ 0.0010| 10 8 .T89 ~.0065 -.0T33 £.0029 -.0859 +.0028
[ 12 790 =.0428 -.0791 +.,0020 -.gg‘rz +.0016
12 11 790 002k ~.0802 £.010k ~.0675 +.0088
9 6 195 <0515 -.0801 “£,0022 ~.0798 +.002T
2 29 <796 -.0760 -.0838 1,0036 -.0813 +.001h
i7 5 .808 -.03Th -.0760 +.0017 =070 +,0012
810 | -0.0779 £ 0.0023 9 7 81Q .0201 - +.0021 -.0785 +,004%
10 9 812 -.0102 -.0826 £.0012 =075 +.0013
iz 12 | .81z -.0304 - 1.00T5 -.0715 £.0058
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TABIE VII.- RADIUS-CF-GYRATION DATA
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Figure 1.- Side view of test airplane.
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Figure 2.- Time-history data for push-pull meneuver.
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tion of flexibility parameter from figure 4(c) of reference 5.



NACA TN L4191

B | 9o
& Q |
J
. Q}db
AV H_TAWM\J\/
q
® WO@
A
ﬂ@ﬂv@% o
N G0 SO &>
Wm SIS
N
3 . “
Wﬁ oo N
SR
X
o<
O QN
- <n<0JQf
@)
-.ﬁ,ds o
a0 VO p
S % 8 ¥ & & ¥ ¥

2 pere2ee oY) ‘seopsiovoo biptrorbrs 4
LOLLISOL ABLUBI—DILUUIGO OB DOLI BNy — Bty

78 N33

P

70

B2 .66
Aach rnymoer; H

S 55

S0

AL #6

ko

function of Mach number.

Pigure 6.- Wing-fuselage aerodynamic-center data as extrapolated to rigid-wing conditions as a



JZ

28 . D

()]
ey 4 o= Ih—{ I @——&é O

b >y

&
¢
\J
1%
e
<
4

20 <

©

/6

=

Q Arom Jable ¥
O From ref 7

Wing —Ferschzrg e acroqyriaqniic -Cerier oas/7#y)
o roAg I ir2g COrSyTIorS e )y, ppercern’

o

O .08 JS6 Pf. .32 L0 48 5B .6F .22 S0 .55
Mach rumber; M

Figure 7.- Comparison of flight and wind-tunnel wing-fuselage aerodynamic-center poslitions for
rigld-wing. conditions.

T6TH NI VOVN



Hing-ruseloge oerodynamic-cerrer oos/7/or3
| Cie ), ppervens &

T6TH NI VOVN

FE
28 7
ressy.
a/ﬁ?’va'e,,;;?“ Curve from Fig. 71 /
H0000 y /
p>4 JS00
voooo—{—1__|
20000 [ "
20 e SSSSSS SNl
2 NN
/6 weosere/ N \:i\‘\\\//
NN RN
2
&
2
o
e O B Z# T2 L0 HLE SE 64L& T2 SO &5

Figure 8.- Wing-fuselage merodynemic-center position for flexible-wing conditions.

Mach number, M

TS



52

NACA TN 4191

o 32
Symbol  FIIHhF L\
X oz 0 2
D) | 3 \
S ez N
NN
jﬁ P N 5
3 5 e
- i
\[E L0 8 {é \\
y/
N o NEE
S O /6 < / \ L_)\
§ -~ :\ \ N
R }§ /5@¢6fxeaf¢uﬁmm;;>> N AN AN
LR D NRNENERY
L8 g ENRNERD
) d X
D o1 | TN \
75 > JOF ‘J\\\\\ N N ‘qu\
5 9 . N
\? § O /’o\ l:]\ N N
¥y XTI L ol N N IS FYAR N O
' a7 2Q 00CFF

3 AT R [T T T T
1

—~08 .
§, fﬁ"“’"é\“L\(\—— —

gz 46 SO .5F S8 62 066 o A 78 82

Mach rwmber, A

Figure 9.- Zero-lift wing-fuselage pitching-moment coefficient measured

by method I ass a function of Mach number.



Figure 10.-~ Zero-lift wing-fuselage pltching-moment coefficients ms obtalned by method I end

Atrcs? rurtocs, 4

corrected for tall-load zero shifts.

\ <
\
S
§ =02
%‘ 0] © i
]
’3&“ ot 2 4 ﬂ% A @
3 ENE IR N
gﬂé\ A H j;wﬂ
¥ = Ala A
\B.Q e FAESsure A §25§>
gﬂ\ Symbol a7 7 woe, FA A
‘i'\&’\ O 20600 A A QO
Q,\g —-O& 0 25,000 Do fn,
£ O J0,000 A
X A 25,000
;t:.
;F /0
2
)
N A2
2 A6 BT L I8 NV 4 .66 JO T .75

TETH ML VOVN

1




1 o
3
3
§ —=ae
3 (B
IR
£ _ 1
A I A B R e S
R ) in KU
g\ % O C; yAl /é A<A> ﬁ[
Vo o8
N [ ressure Ap X
NN Symbo) attitude | ol "
QU
O 20000 A '
N -os 0 25000  |x 2 L1 nl &
N O 30,000
A 35,000

N |
k /0
]
)
N /A

H2 AO 0 I ool BZ .66 7O A vty No74

MachH rnumber; M

Figure 1l.- Zero-1lift wing-fuselsge pltching-moment coefficlents as obtained by method IT.

TOTH NL VOVN



NACA

0”70 by MesSfhood I

TN L191 25

=08
~ @)
=08 S C;’//vg) ///
. /
P lo 0,
=07 // ¢
d (D)
2 ) ya
o / C>V “

—06 » /‘éiiqz ///

AW D/ o) /
-5 7/ Q D/ (@)

c6 g @

// =~ (},_}/ &
- A @0

/ % /
—:03// @] §§z3
O
£

—=oL £

=02 =03 =O& =05 =06 =07 —=0F =08

Figure 12.- Comparison of zero-lift wing-fuselage pitching-moment
coeffiecients by two methods.



{
o
E S —R /‘2597157‘ ab7a —
y O -
VN o ®
_—M '
g\ “3 © @ }f‘a )(D
13 -
® R P
{’% | Wond Funnel oarq (ref 7)—> G
Y
N i
2 4 -
N _
o 08 6 or a2 A0 46 56 64 22 B0 .08

Mach number; M

Figure 13.- Comperison of flight and wind-tunnel zero-1ift wing-fuselage pitching-moment
coefficients. Vertical lines in circle symbols are values of gn— from equation (17).

Cag

T6TH ML VOVN




" NACA TN 4191 57

‘S Q0
% :'\10 Op—/"/vm ref2 oulw P
RN 7heory //
é % d GO }&::==—"’//
3¢ o
N
),
© R k 70
o /0 20 3F0 HO SO
27R
(a) Center of pressure of wing aerodynamic
load due to pitching acceleration.
3\\? —/6000
N o Q~"70/m ref 2 oa7a
J
Q3
VX 0 —/z2000
N
NOR
R
QW
N o
.§ "%g 77hec»ﬁ3f—-\\ P ey
I L
SRY )
N —
¥9O
LA S
o /0 L0 F0 ZO S0

(b) Aerodynamic load due to pltching
acceleration for both wings.

Figure 1hk.- Pitching-acceleration wing aerodynamic-load parameters as
functions of flexibllity parameter Q.
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